The degradation of forage cell walls by rumen bacteria was investigated with critical-point drying/scanning electron microscopy and ruthenium red staining/ transmission electron microscopy. Differences were observed in the manner of attachment of different morphological types of rumen bacteria to plant cell walls during degradation. Cocci, constituting about 22% of the attached bacteria, appeared to be attached to degraded plant walls via capsule-like substances averaging 58 nm in width (range, 21 to 84 nm). Many bacilli appeared to adhere to forage substrates without distinct capsule-like material, although unattached bacteria with capsules were observed occasionally. Certain bacilli appeared to be attached to degraded tissue via small amounts of extracellular material, but others apparently had no extracellular material. Bacilli with a distinct morphology due to an irregularly folded, electron-dense outer layer or layers (about 15 nm thick) and without fibrous extracellular material constituted about 37% of the attached bacteria and were observed to adhere so closely to degraded plant walls that the bacterial shape conformed to the shape of the degraded zone. In the rumen ecosystem, bacteria appeared to adhere to plant substrates during degradation by capsule-like material and by small amounts of extracellular material, as well as by other means not observable by electron microscopy.
Capsular and slime materials (21) have been shown to be involved in the association of bacteria with inert substances (13) and to cellulosic substrates (4, 19) . The technique of ruthenium red staining (15) has been useful to show the fibrillar nature of capsule-like substances (13, 18, 20) . Recently, the technique of critical-point drying (3) of bacteria, used to study extracellular material, showed a fibrous nature to the capsule-like polymer surrounding bacteria (5) .
Investigations of the rumen microfloral degradation of forage tissue have revealed the presence of capsule-like material adjoining large cocci to plant walls (1, 2) . Additionally, bacteria from pure cultures of Ruminococcus albus were shown to attach to cellulose by fibrillar structures external to the bacterial cell wall (19) . Research from this laboratory indicated that differences exist in the mode of attachment of rumen bacteria to forage tissue (2) .
The objectives of this work were to (i) investigate further the ultrastructural nature of rumen bacterial attachment to forage tissue, and (ii) delineate the manner of attachment of different morphological types of rumen bacteria to forage tissue, by means of critical-point drying/ scanning electron microscopy and ruthenium red staining/transmission electron microscopy. MATERIALS ANI) METHOI)S Inoculum. For in vitro studies, rumen digesta obtained from a cannulated steer was strained through cheesecloth into a previously warmed vacuum bottle for transportation to the laboratory. The rumen fluid was strained again through cheesecloth and mixed 1:2 with McDougall carbonate buffer (17) previously bubbled with CO2 at 39 C.
For in vivo studies, rumen bacteria that were associated with partially degraded leaf blades were removed from the fistulated steer and studied in situ.
Substrate. For in vivo studies, substrates consisted of leaf blades of Coastal bermudagrass (Cynodon dactylon I L.l Pers.) frozen immediately after harvest at 4 weeks of age and maintained at -30 C. Leaf blades were cut into sections 2 to 5 mm long with a new, cleaned razor blade to reduce drag across the tissue cross section. These leaf sections were then inoculated with the rumen bacteriabuffer inoculum at 39 C with continuous CO2 bubbling.
For in vivo studies, leaf blades from the partially digested hay that was predominately Coastal bermudagrass were examined.
Scanning electron microscopy. Leaf blade sections digested in vitro or in vivo were fixed in 4% glutaraldehyde ( Transmission electron microscopy. A pretreatment of 0.1 M cacodylate buffer with 0.15% (wt/vol) ruthenium red for 30 min at room temperature was used for one group of samples of degraded leaves; all samples were then prepared for the transmission electron microscope (TEM) as described previously (2) with the inclusion of 0.15% (wt/vol) ruthenium red in both fixatives according to the formula used by Cagle et al. (6) . Other samples were prepared without ruthenium red staining for comparative purposes.
Sizes of capsules and external layers of the bacteria were determined from enlargements of thin sections with a particle-size analyzer. Capsular widths for cocci were determined by averaging the three unattached sides of 23 randomly chosen bacteria. The percentages of morphological types of attached bacteria were determined from bacteria associated with degraded zones in forage walls observed in 15 micrographs.
RESULTS
Most interpretations were made from in vitro-digested leaf blade sections. However, the same morphological types of bacteria were found in both in vitro-and in vivo-digested specimens, and the differences in the mode of attachment by these morphological types were similar in both types of digestion.
Ultrastructure shown by the SEM. Many bacteria, particularly the cocci, appeared to be attached by extracellular, fibrous structures to plant walls undergoing degradation ( Fig. 1 [F]). That many of these bacteria were actively involved with plant tissue degradation was indicated by degraded zones surrounding the bacteria ( Fig. 1, inset) . However, rumen bacteria, particularly bacilli, without the extracellular, fibrous structures were often observed in degraded zones of plant walls ( Fig. 2 IB] ). These observations suggested that some bacilli involved with the attachment and degradation of plant tissues have no extracellular material or insufficient amounts to be observed with the SEM using critical-point-dried samples.
Ultrastructure shown by the TEM. In thin sections of ruthenium red-stained, degraded leaf sections, numerous bacteria were attached to the plant wall by a capsule-like material (Fig. 3, 4 , 5). Often, the width of the side of the capsule attached to the plant material was longer than the unattached side, indicating a stretching of the extracellular material (Fig. 4,  insets) .
Many round-appearing bacteria were attached to cell walls. Cocci were distinguished from bacilli that had been sectioned perpendicularly to the long axis of the cell by similarity in morphology and electron denseness to capsules and cell walls of known cocci (as revealed by round bacteria dividing by binary fission, Fig. 3 [C] ). No bacilli that resembled these dividing cocci in capsular and cell wall morphology were seen in thin sections. Although most cocci-degrading plant walls appeared to be attached via capsules, the capsules varied in size (Fig. 5 [C] ), averaging 58 nm wide and ranging from 21 to 84 nm. These encapsulated cocci constituted about 22% of the attached bacteria.
Distinct capsules were not observed with bacilli that were degrading plant material, and extracellular material was present only in small amounts (Fig. 4) or absent (Fig. 6 [B] ) between bacteria and plant walls. On occasion, large capsules were observed surrounding bacilli, but these bacteria were not attached to plant walls (Fig. 6, arrow) .
Bacilli with a distinctive morphology appeared to be attached without external fibrous material to plant walls (Fig. 5, 7, 8 [B]). These bacteria had an electron-dense, irregularly folded outer layer (or layers) about 15 nm thick, which was separated from the plasma membrane by an electron-transparent layer (Fig. 7,  8 ). The electron-dense layer was present in specimens not treated with ruthenium red, but fixed with OsO and stained with uranyl acetate and lead citrate; however, the layer usually appeared to be more intensely stained in ruthenium red-stained specimens. These bacilli (with dimensions of 1 to 2 by 0.3 to 0.5 Am for unattached cells) were closely associated with degraded regions, and the bacterial shape was modified to conform with the shape of the degraded zones (Fig. 5 IB], 8 ). This type of microbe is numerous in degraded plant wall regions and constituted about 37% of the bacteria attached to plant cell walls. Diffuse, fibrillar material external to the irregularly folded outer layer of an unattached bacterium was found in one sample of in vivo-degraded tissue (Fig. 7, inset) , but usually the extracellular coat material was negligible or perhaps contained in the thin electron-dense layer. Examination at high magnification revealed a gramnegative-type cell wall morphology (Fig. 8 , inset) with, in one case, a small layer, not densely stained, external to the outer membrane (Fig.  8, arrow) . Capsule-like material was not apparent between bacterial and plant cell walls.
I)ISCUSSION
Hungate (12) reported that the cellulolytic ruminococci possessed "abundant" capsules. mixed bacterial populations of the rumen were attached to plant structures by a capsule-like material. Additionally, Patterson et al. (19) , using critical-point drying and the TEM, showed that extracellular fibrils from cells of a pure culture of R. albus were involved with attachment of the bacteria to cellulose. Leatherwood (14) , using the SEM for cultures grown on cellulose, reported the presence of "tubelike" appendages on R. albus.
Specimens observed in this study by criticalpoint drying/SEM and ruthenium red staining/ TEM revealed a fibrous nature to the capsulelike material that was apparently involved in the adhesion of cocci to plant walls during degradation. The average capsule width of 58 nm may be an underestimation due to shrinkage during TEM preparation of the highly hydrated (21) capsule.
However, many bacilli lacking capsule-like, fibrous material in the critical-point-dried preparations appeared to be within depressions in the plant wall. That many of the bacilli lacked or possessed small amounts of extracellular material was confirmed by the TEM. Cheng and Costerton (7), using ruthenium red staining, described 10 different morphological types of external layers in bacteria (not attached to a substrate) from a mixed rumen microflora. Although some layers were small, these authors (7) reported that all bacteria examined had at least some external coat material. Conversely, Akin et al. (2) reported that in thin sections not stained with ruthenium red, some bacilli were attached to plant walls without apparent extracellular material; this was confirmed by the observations reported herein. Apparently, an adhesive layer not detected with the methodology used herein or other attractive forces (16) enabled certain rumen bacilli to adhere to the plant substrate during degradation.
Bacilli with a distinct morphology due to an electron-dense, irregularly folded outer layer (or layers) were seen closely attached to plant walls undergoing degradation (Fig. 8) . These bacteria possessed a gram-negative-type cell wall structure (10) without external, fibrous coat material in most cases. Costerton et al. (9) showed that Bacteroides succinogenes, a prevalent cellulolytic species in the rumen (12), in pure culture possessed an irregular outer membrane with small and irregular amounts of coat material similar to the bacilli mentioned above. These authors (9) concluded that the irregular folding, observed with two other bacteria, with foldings of different extents among species, was an artifact of fixation or embedding based on freeze-etch data. The bacilli reported herein to have the irregular layer(s) appeared to be of a certain dimension (1 to 2 by 0.3 to 0.5 Am), whereas bacteria of other dimensions and shapes lacked this morphology. The shapes of these bacteria appeared at times to be modified by close contact with substrate or other bacteria. The irregular shape of the bacilli in contact with plant cell walls is an unexplained phenomenon; it is not known if the thinness of the peptidoglycan layer, which has been reported for B. succinogenes (10), could be responsible. It (8, 16) . Certain of the bacilli described herein appeared to have a thin, irregular, electron-dense layer that might be responsible for attachment like the "primary acid polysaccharide" reported for initial adhesion of a marine bacterium to solid surfaces (11) . Other bacilli appeared to be in close proximity to plant walls undergoing degradation without noticeable extracellular material detectable by the TEM. However, that the fixation, dehydration, and embedding steps could have obscured particular extracellular substances of these bacteria cannot be completely ruled out. The observations reported herein reveal differences in the manner of attachment of various morphological types of rumen bacteria to forage material during degradation.
